Purpose: To share our clinical experience of an optimized and comprehensive pediatric TBI technique. Methods and Materials: Through the use of incident learning, safety-critical areas were identified in our procedure for total body irradiation (TBI) for pediatric patients under anesthesia for bone-marrow transplant. The previous procedure lacked flexibility to accommodate various requests from the anesthesia team due to the wide range of patient sizes. To address this issue and to improve the process overall, we updated our procedure for TBI simulation, dosimetry planning, patient setup during treatment, and in vivo dosimetry. A simulation form was redesigned with additional detailed instructions and documentation requirements. The dose calculation procedure was reformulated to remove dependence on setup variations. Tissue compensation determination and therefore dose uniformity were improved by introducing rigorous calculation methods. Calculations were performed on 28 previously-treated patients to compare the dose uniformity using the new versus previous methods. Results: The new procedures improve interdepartmental communication, simplify the workflow, decrease the risk of treating patients in a setup that differs from that used during the simulation, and reduce dose heterogeneity. The new compensator design significantly improved patient dose uniformity: 0.8% ± 0.4% (new method) vs. 4.2% ± 2.3% (previous method) (p < 0.01). Conclusion: A near-miss incident reporting system was used to improve the safety and quality of pediatric TBI procedures under anesthesia.
Introduction
Total body irradiation (TBI) is a form of radiotherapy technique primarily used as a conditioning regimen for hematopoietic stem cell transplant (HSCT) [1] . For certain HSCTs in pediatric patients, especially acute lymphoblastic leukemia (ALL), TBI is proven to be an effective preparatory regimen [2] [3] . TBI is most commonly used in transplantation conditioning for malignant conditions such as leukemia and lymphoma but is also used in transplant conditioning for non-malignant disease, such as common variable immunodeficiency and aplastic anemia [1] .
TBI together with chemotherapeutic agents serves to ablate the patients' hematopoietic stem cells (myeloablative TBI) or to suppress the recipient's immune system prior to HSCT (non-myeloablative TBI). In addition, high doses of TBI can eradicate residual cancer cells in the recipient [1] . Myeloablative TBI is usually given in multiple fractions twice a day during a period of 3 -5 days, with a total radiation dose of 1200 -1550 cGy [4] . In our clinic, the standard pediatric TBI regimen is 1320 cGy (165 cGy/fraction × 8 fractions) delivered in 4 days. In some circumstances, "mini" TBI (i.e., a single fraction of 200 cGy) is used to suppress the transplant recipient's immune system rather than to ablate the hematopoietic stem cells.
Techniques for TBI have been in existence for decades. There are a few good guidelines for TBI practice in general, such as the authoritative report, American Association of Physicists in Medicine (AAPM) Task Group 29, dates to 1986 [5] and Chapter 15 of Perez and Brady's Principles and Practice of Radiation Oncology (edition 6) [6] . However, there is relatively little information in the medical physics literature about best practices for pediatric TBI cases under anesthesia and such cases are uncommon except in a few referral centers. On average, there is one pediatric TBI under anesthesia every month and a half in our clinic. These are complex cases requiring administration of anesthesia and close collaboration of numerous professional groups. Motivation for improving our pediatric TBI procedures and processes came from a series of near-miss incidents observed through the departmental incident learning system. As a result, an in-depth review of pediatric TBI procedures was undertaken to improve the safety and quality of patient treatment using an investigation of past events and input from involved staff. This report describes the pediatric TBI treatment technique and highlights changes made in response to observed near-miss incidents. In addition, a new tissue compensation procedure was developed to improve dose uniformity as measured with in vivo dosimetry. Furthermore, new measurements of the off-axis ratios (OAR) of the treatment field suggest that the patient should be placed within an appropriate limited area indicated by the light field to avoid placing the patient within the penumbra region.
Materials and Methods
The study has been reviewed and approved by the University of Washington Institutional Review Board (IRB).
Departmental Incident Learning and the Need for Process Improvement
A departmental near-miss incident reporting system was launched in February 2012.
All incidents are reviewed weekly by a multi-disciplinary team of physicians, medical physicists, medical dosimetrists, radiation therapists, nurses, and administrative staff.
We reviewed 1507 reports from 2/1/2012 to 10/31/2013 for reports categorized as "pediatrics" or "TBI" or containing the text string "ped*tbi", generating a total of 102 reports. Of these, five reports were chosen for root cause analysis. For example, one nearmiss incident report indicated that a 5% potential error in dose calculation could have resulted from a non-standard set up, where the monitor unit (MU) calculation method did not automatically account for the variation in setup, requiring manual re-computation.
Motivated by these near-miss incidents, a systematic review of the previous pediatric TBI procedures was conducted, and the following issues were identified: insufficient communication describing variations in setup at simulation versus treatment related to anesthesia requirements, confusion about measurement units, unclear criteria for employing various setup options to accommodate patients ranging in age from infancy to 7 years, and variations in compensator design methods.
Pediatric TBI Procedure Overview
In our clinic, pediatric TBI patients requiring anesthesia are treated with an anteriorposterior/posterior-anterior (AP/PA) technique using a modern linear accelerator (linac) with gantry at 0˚. The whole pediatric TBI treatment process includes four major components: simulation, dosimetry planning, treatment, and in vivo dosimetry. Anesthesia is provided by pediatric anesthesiologists from Seattle Children's Hospital.
Simulation
Although all patients treated with this technique are treated under anesthesia, anesthesia often is not used in simulation for "mini" TBI treatments because the simulation procedure is much faster and allows for technicians to gently guide the patient. The radiation oncologist, anesthesiologist, nurse, and simulation therapists decide together whether anesthesia is necessary to obtain reproducible and accurate measurements for dosimetry planning. With few exceptions, anesthetized patients receive a total intravenous anesthetic with oxygen by nasal cannula (as opposed to by laryngeal mask airway or endotracheal tube as airway support).
Simulation is performed in a CT simulator if Cerrobend lung blocks are prescribedtypically only in myeloablative TBI. CT scans are then taken in the supine and prone positions to facilitate the drawing of lung blocks, which are used to limit the total dose to the lung. If lung blocks are not prescribed, simulation measurements are still obtained in the simulator suite because it is designed to allow for anesthesia equipment.
As shown in Figure 
Dosimetry Planning
Pediatric TBI is performed on a linac (Elekta Synergy; Elekta Inc., Crawley, UK) with 6-MV photon beams. The dosimetric planning for pediatric TBI is calibrated with the source-skin distance (SSD) setup. Output factor (cGy/MU) and percent depth dose (PDD) data were measured with a 0.6-cc Farmer ionization chamber in solid water under treatment conditions (field size 40 × 40 at isoplane and at SSD of 190 cm). The dose prescription point is the midline of the thickest part of the body, which is usually the head for pediatric patients. The MUs are calculated using Equation (1) . Dose related to image is not taken account into the total prescribed dose.
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If the patient length (straight or frogged legs) is within 80 cm, the patient will be treated using a one-field (no-gap) technique. Patients longer than approximately 80 cm will not fit within a single field and will be treated with two fields (gapped technique).
For gapped fields, there will be two prescription points: the head for the superior field and the upper thigh for the inferior field since upper thigh is the thickness part in the inferior field. The gap distance is calculated based on Equation (2), where FS is the field size (40 cm), d thigh is the thickness of the thigh, and SAD is the distance from source to machine isocenter, which is 100 cm.
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The gap is planned in the upper thigh area and its location is moved about 1 cm for each treatment fraction to minimize the possible hot or cold spots caused by the junction fields. 
Treatment
In 
In Vivo Dosimetry
Optically-stimulated luminescence (OSL) devices are used to assess patient dose due to 
Results

The Implementation of the Revised Simulation Form
In the previous procedure, the patient setup was not well standardized and was inade- 
New Compensator Design Method
In the previous procedure, the compensator thickness was determined based on histor- ical patient data, thus similar compensation was used for pediatric patients of similar size. In the new procedure, dose to the midline for each body site is first calculated using the total MUs prescribed and the PDD at the midline. The dose difference to the prescription point is then determined. The attenuation coefficient for a 1/4-inch layer of acrylic compensator is 1.76%, by measurement under treatment conditions. Therefore the amount of compensator is determined by calculating the dose difference for each body site and the attenuation coefficient using Equation (3), where N is the number of 1/4-inch layer of acrylic compensator, MU site is the calculated MU for each body site and MU p is the calculated MU for the prescription point. 
To assess whether the new compensator design method is an improvement, calculations were performed on 28 previously-treated patients to determine the dose unifor-mity with the new versus previous method.
Data are presented as mean ± SD. Significant differences between groups were determined using a two-tailed Student's t test (p < 0.05 was considered statistically significant). Figure 4 demonstrates that the new compensator calculation method significantly improved patient dose uniformity: 0.8% ± 0.4% (new method) vs. 4.2% ± 2.3%
(previous method) (p < 0.01). The data indicates that the new compensator procedure will result in fewer out-of-tolerance in vivo dosimetry readings and reduce associated re-planning efforts, which is especially critical for single-fraction treatments.
New Treatment Setup Guidance
In the new procedure, we also clarified the patient position with respect to the beam light field edge during treatment at extended distance. For a patient treated with the no-gap technique, formal guidelines as shown in Figure 5 were developed to set up the patient based on dosimetric profiles. The light field region corresponding to the treatment field is ±52 cm from the central axis, but the dose falls off very quickly in the field edge due to beam penumbra. From 40 cm to 50 cm off central axis, the dose would drop from 98% to about 67% of the prescribed dose. Therefore the patient is placed in the "safe zone" region, ±40 cm from the central axis to prevent underdose in the cranial and caudal directions. The left and right side of the patients also should be at least 12 cm within the visible light field edge.
Discussion
Pediatric TBI is a relatively rare and complex procedure requiring administration of anesthesia to provide adequate immobilization, thus ensuring safe treatments. Due to its infrequency, staff may be less familiar with the procedure compared to other routine treatment procedures. In addition, pediatric TBI patients come in all shapes and sizes;
accommodating that wide variation in a robust process under anesthesia requires de- Figure 4 . Comparison of the mean, maximum, and minimum dose uniformity of historical patient data (n = 28) using the previous and new method for compensator design. tailed documentation and flexible dose computations to reduce the risk of errors.
AAPM TG100 [8] and American Society of Radiation Oncology (ASTRO) accreditation standards strongly suggest safety reviews of the procedures in clinical practice to ensure patient safety. The technique improvements of our pediatric TBI procedure were motivated by our department's near-miss incident reporting system, implemented to improve patient safety and quality improvement.
Since pediatric patients are still in the process of growing and have a long life expectancy, TBI treatment usually has the potential to affect more organ systems for a longer period of time than in adult TBI patients. Therefore extreme care is needed for pediatric TBI cases to prevent possible mistakes, especially those mistakes that may cause large variation of overall dose distribution. The risk of relapse will increase if underdosage occurs, while the rate of morbidity will increase if overdosage of critical organs occurs [9] .
Compared to the previous compensator design method, the new method more closely compensates for individual patient anatomy. Although the thickness of various body parts of a pediatric patient does not vary as much as those of an adult, it is still important to account for the individual difference. Although the TG29 report suggests ±10% dose uniformity for TBI treatment [5] , it is important to keep the dose variation as minimal as possible, as uncertainties add from various factors such as daily machine output, patient setup, and OSLs response. This is especially important for pediatric patients.
Pediatric TBI treatment is at extended distance with the spoiler setup. Positioning of the patient in the wooden stand relies on the light field. However, the guidelines about "flash" from the light field were not obvious. Figure 5 shows that dose drops off quickly in the edge of the light field; therefore clear instruction about patient position with respect to beam light field edge is implemented in the new procedure to avoid the risk that part of patient may be placed in the penumbra region. This AP/PA method is straightforward and easily adopted by other clinics and achieves good dose uniformity for pediatric TBI patients who require anesthesia, usually ranging in age from infancy to 7 years. Those pediatric patients who are cooperative are treated in the standing position with AP/PA beams using the typical adult stand [10] . The differences between adult and pediatric TBI treatment in our clinic are listed in Table 1 . The lateral treatment technique in which patients are treated with opposed lateral beams provides great positional stability; however, 10% dose uniformity can be achieved only for patients with a lateral separation thickness of less than 45 cm [11] . In general, better dose uniformity can be achieved with the AP/PA technique [6] . Although the recently developed helical tomotherapy treatment method for TBI can provide adequate target coverage with individual sparing of organs at risk such as the lungs, there are potential drawbacks such as more complicated planning, prolonged overall treatment time, high instantaneous dose rate for tissue elements, and access to the technology [12] [13].
Conclusion
A near-miss incident reporting system was used to improve the safety and quality of pediatric TBI procedures under anesthesia. For an institution averaging one pediatric TBI case per one and half months, standardization of and other changes to the procedure simplify the planning process, improve patient safety, and improve dose uniformity. Since there are few reports about the procedures and techniques involved in pediatric TBI requiring anesthesia, this experience may be especially beneficial for other centers with lower volumes of pediatric TBI patients.
